The activity of the antiviral protein induced by various ratios of poly rI-rC and diethylaminoethyl (DEAE)-dextran was studied. It was found that, when large doses of poly rI-rC were used, very little viral interference was observed. This effect was initially attributed to the cells being refractory for production of antiviral protein. Subsequent experiments offered alternative explanations suggesting that, at any given dosage of poly rI * rC, an excess of DEAE-dextran is necessary for the production of viral interference. It is suggested that DEAE-dextran acts by exposing a cell receptor site for poly rIFrC.
Most studies on interferon have been concerned with production and release of interferon after induction by either viral or synthetic nucleic acids (3, 5, 22) .
Usually, the tissue culture fluids from cells stimulated to produce interferon are assayed in another set of cell cultures which is at least one step removed from the events occurring in the originally stimulated cells. It is generally accepted that interferon itself is not antiviral, but it stimulates yet another host function which is commonly referred to as the antiviral protein (9, 20, 23) . This is the protein which prevents viral replication by inhibiting the translation of viral messenger ribonucleic acid (mRNA) (11, 15) .
To study this hypothetical antiviral protein, our studies were centered around the measurement of virus yields from cultures previously stimulated by poly rI-rC, commonly referred to as viral interference (13) . The reduction in virus yields was interpreted as a direct measure of the activity of the antiviral protein. Primary chicken embryo cells (CE) were chosen for this study since there is adequate data to show that interferon is made by de novo synthesis in these cells (23) .
Some preliminary results in this laboratory indicated that certain levels of "P-labeled double-stranded (ds) RNA from reovirus, and diethylaminoethyl (DEAE)-dextran instead of inducing viral interference produced a refractory state. During this refractory state viral replication occurred at levels comparable to unstimulated controls (12) . In order to further investigate the nature of this refractory or hyporeactive state, studies were carried out by using poly rI .rC as the stimulating material. When cells were stimulated by high concentrations of poly rI .rC, results were obtained which were initially interpreted as the cells being refractory for viral interference. Subsequent studies using different ratios of poly rI rC and DEAE-dextran pointed to alternative explanations. The results of these experiments are presented in this report.
MATERIALS AND METHODS
Induction of viral interference and assay of virus yields. Primary CE cultures were prepared as previously described (17) . Glass petri dishes (60 mm in diameter) were seeded with 1.2 x 107 cells in 4 ml of growth medium containing 4% heat-inactivated calf serum, 0.4% lactalbumin hydrolysate, 0.2% yeast extract, and 0.028% sodium bicarbonate in Hanks balaniced salt solution. The medium also contained penicillin at 100 U per ml, streptomycin at 100 </ml, and mycostatin at 5 U per ml. After 3 days of incubation at 37 C the cells had formed a confluent monolayer containing about 9.3 x 10' cells.
To induce viral interference, the cells were washed twice with growth medium, and various amounts of DEAE-dextran (mol wt 2 x 10'; Pharmacia Fine Chemicals) and poly rI rC were added. Poly rI rC (double-stranded, sodium salt lyophilized) was purchased from P-L Biochemicals, Milwaukee, Wis. It was dissolved in phosphate-buffered saline (PBS; 0.13 M NaCl, 7 mM phosphate, 0.9 mM CaC12, and 0.5 mM MgCl2 6H20, pH 7.4) at 45 C and stored at -20 C until used.
After a 3-h induction period, the cultures were washed twice with growth medium to remove the KALMAKOFF AND AUSTIN inducer. The cultures were treated with 2 x 10' plaque-forming units (PFU) of Whataroa virus, a group A arbovirus (14) . After 40 min at 37 C, the unabsorbed virus was removed and the cultures were washed twice with growth medium. A 4-ml amount of growth medium was added and the cultures were incubated at 37 C. After 18 h the medium was collected and the titer of virus was determined by infecting CE cell monolayers and counting the plaques formed (17) . The procedure is schematically outlined in Fig. 1 (18) .
Preparation of chick interferon. Interferon was produced in 9-to 11-day-embryonated chicken eggs by allantoic inoculation of influenza virus (LEE strain). The allantoic fluids were collected 72 h after inoculation, acidified to inactivate the virus, and centrifuged at 55,000 x g for 90 min to remove the virions. Interferon from the supernatant fluid was purified by zinc precipitation and chromatography (15) on CMSephadex C-50 (Pharmacia Fine Chemicals). Fractions were eluted by a pH gradient using 0.1 M phosphate buffers and assayed for interferon activity using the plaque reduction method.
Titration of chick interferon. (i) Plaque reduction method. Interferon preparations were diluted in CE growth medium. Duplicate CE cell cultures were treated with 2 ml of interferon dilution for 6 h at 37 C. The interferon was removed, and the culture was challenged by incubation for 1 h at 37 C with 100 PFU of Semliki Forest virus. After adsorption the cultures were overlaid with growth medium containing 0.9% Noble agar. Plaques were counted after further incubation and staining with neutral red. A unit of interferon was taken as the dilution that reduced the number of plaques by 50% of the controls.
(ii) Virus yield method. Purified chick interferon was added to the CE cell cultures and after a 3-h OR 3 days 3 daỹ~w ash 2X -* 37* induction period, the cultures were washed twice with growth medium and challenged with Whataroa virus as for viral interference assays.
RESULTS
It was found from preliminary results that the optimum stimulation of viral interference was obtained by using primary CE cells which had been cultured for 3 days with a 3-h induction period. The method used throughout this study is schematically outlined in Fig. 1 . The reduction in virus yields was assumed to be due to the activity of the hypothetical antiviral protein.
The results obtained by treating cell cultures with poly rI * rC and DEAE-dextran either alone or together are shown in Fig. 2 . Under our conditions it is necessary to add DEAE-dextran to potentiate the effect of poly rI * rC. Part of the decrease of virus yields at high concentrations of poly rI .rC (300 Mg/ml) was due to nonspecific cytotoxic effects of this compound on cells (4) . When poly rI * rC and DEAE-dextran were mixed and added together, even low levels of poly rI * rC gave marked reduction in virus yields. When increasing amounts of poly rI .rC were added with a constant amount of DEAEdextran (100 ,ug/ml) a dose-related response was obtained up to 10 ug of poly rI *rC per ml, at which point a 4-log reduction in virus yields was obtained. However, higher concentrations of poly rI -rC resulted in greater virus yields, suggesting a refractory state for the antiviral protein. The observed reduction at 300 jug of poly rI -rC per ml (Fig. 2) is attributed to the cytotoxic effects of high concentrations of poly rI * rC.
In assays for interferon, no reports of a refractory state or "prozone" effect had been reported. To confirm this for viral interference, various levels of purified chick interferon were applied to cells. At the concentration range that was tested, there was no hyporeactive or refractory state for the antiviral protein when exogenous interferon was added (Fig. 3) .
A possible explanation of the results of Fig. 2 was that we were measuring the optimum ratio of poly rI-rC and DEAE-dextran, which was 0.1. There have been reports that the optimum ratio of poly rI *rC and DEAE-dextran occurred when an aggregated electroneutral macromolecular complex was formed (18) . This possibility was tested by measuring the poly rI * rC-DEAE-dextran complex formation by absorbance at 350 nm. In the range for maximum viral interference there was little evidence for a macromolecular complex being formed (Fig. 4) ; however, in the refractory concentration range a substantial amount of light scattering was obtained. This contradicts the results of Pitha and Carter (18) . The various ratios of poly rI-rC-DEAE-dextran are also shown in Fig. 4 . Ratios of less than 0.1 were effective in stimulating viral interference, indicating that an aggregated macromolecular complex was not critical. To further investigate the effect of the ratio of poly rI -rC and DEAE-dextran, the ratios were kept constant at 0.1 or 1.0. At a constant ratio of 0.1 (Fig. 5 ) the reduction of virus yields was still dependent on the amount of poly rI -rC added. By contrast, however, keeping the ratio at 1.0 gave unexpected results in that no corresponding virus reduction was observed when increasing amounts of poly rI.rC were added. This would indicate that an excess of uncomplexed DEAE-dextran is necessary for stimulation.
DISCUSSION
Investigations at present are limited to studying interferon-treated cells. It would be desirable to directly study the antiviral protein, since it is this protein that prevents the translation of viral mRNA (11, 16) or causes viral interference. Although the study of the synthesis of virus protein could be used as an assay for the antiviral protein, the production of viruses is probably a more sensitive method since, theoretically, the production of a single infectious virus particle can be assayed.
There have been reports that it is possible to produce a refractory state for interferon production by repeated administration of poly rI -rC (1, 2, 23). What effect this has on the production of antiviral protein is unknown. The induction of interferon and the antiviral protein is a complex process, many of the events occurring at the cell membrane. The necessity for DEAE-dextran in our system is an additional complicating factor. It would appear that a certain optimum ratio of poly rI -rC and DEAE-dextran is necessary, and, although various agent (6, 7, 21) , no satisfactory explanation has been given. DEAE-dextran is thought to protect the polyribonucleotide against degradation by ribonucleases or to increase the efficiency. of uptake of the inducer, or to do both (10) . If the induction of interferon involves the surface of the cell, it is possible that DEAE-dextran is required to expose a cell receptor site (3) .
We attempted to follow up the refractory state previously reported (12) when lower concentrations of dsRNA from reovirus (35 Mg/ml) and longer induction times (18 h) were used. It was found in those studies that, even though a significant amount of dsRNA became cell associated, the cells were refractory with regard to the activity of the antiviral protein, i.e., virus yields approached those of unstimulated controls. This indicated that there could perhaps be a cellular mechanism regulating the production of antiviral protein.
An explanation of our present results is that we have been measuring the optimum ratio of poly rI .rC and DEAE-dextran. However, the results in Fig. 5 indicate that this explanation is not entirely satisfactory since increasing amounts of poly rI-rC at a ratio of 0.1 gave a greater reduction in virus yields (Fig. 5) . The results reported by Pitha and Carter (18) , by using human neonatal and L cells, indicated that a macromolecular complex was necessary for the induction of interferon by poly rI.rC. Although we were measuring the activity of the antiviral protein, it would seem that it is not possible to extrapolate from one cell system to another since our results do not agree with their observations. The formation of the macromolecular complex in our studies appears to remove the DEAE-dextran from solution, preventing it from exposing cell receptor sites. This could explain the lack of stimulation by poly rI*rC at ratios greater than 0.1, conditions that would limit the amount of DEAE-dextran.
Our results are compatible with a recent report on the kinetics of interferon synthesis (24) where poly rI .rC/DEAE-dextran mixtures in different dosages but all at a ratio of 0.1 were used. Vilcek et al. suggested that the addition of DEAE-dextran results in a more efficient neutralization of the repressor for interferon synthesis.
One problem in carrying out these studies is that if large amounts of inducer are added (e.g., 100 gg of poly rI-rC per ml and 1,000 gsg of DEAE-dextran per ml) the cells are just below the level of cytotoxicity. The production of a refractory state under these conditions is sus- There is increasing evidence that regulating mechanisms are involved in interferon action (8) and production (19, 23, 25 
